The effect of water depth on gap resonance of two side-by-side rectangular boxes is examined in a 2D numerical wave flume at various gap widths and body drafts. The numerical model used is based on the volume of fluid (VOF) method for the solution of Navier-Stokes equations combined with free surfaces. The water depth covered ranges from shallow to deep water regimes. It is found that the resonant frequencies and wave heights show apparent dependence on water depth. For a given body draft and gap width, the resonant wave frequency shifts to higher values whereas the resonant wave height inside the gap decreases as water depth increases. The amount of reduction of wave height is found to be dependent on the depth to draft and gap width to breadth ratio. It is observed that the effect of water depth on resonance frequency is very small when the ratio of water depth to body draft is equal to or greater than six, while the effect of water depth on resonant water level diminishes when this ratio increases beyond 10. Furthermore, it is observed that the variation trends of the resonant frequency and the reduction of the resonant wave height with water depth are similar at different drafts and gap widths. The present results suggest that the water depth, body draft and the ratio of water depth to body draft are the key factors that influence the resonant responses. It is also found that the potential flow model not only over-predicts the resonant wave heights but also fails to predict the variation trends of the resonant wave height with water depth.
INTRODUCTION
Nowadays as the oil and gas exploration and production have moved to deep and ultra-deep waters, floating liquefied natural gas (FLNG) facilities show great potential as the most economic ways to process and distribute the hydrocarbon products. One of the key technical challenges for FLNG facilities is the safety of offloading operations under harsh environmental conditions. The preferred offloading option for FLNG systems appears to be the side-by-side offloading where the LNG carrier is positioned side-by-side with the FLNG platform. When two floating bodies are arranged side-by-side in close proximity, fluid resonance inside the narrow gap between the vessels becomes a concern because it may induce large amplitudes of response. Therefore, accurate prediction of the resonance behaviour is crucial in evaluating the operability of offloading.
Many researchers have studied the hydrodynamic interactions of multiple bodies with narrow gaps in between. The methods used in these investigations include theoretical analysis, physical model testing and numerical simulation. So far, potential flow models have been used more than any of the other methods to deal with this problem (Miao et al. [1] , [2] ; Li et al. [3] , Zhu et al. [4] , Sun et al. [5] ). However, it has been understood that while the potential flow theory is capable of predicting the resonant wave frequency successfully, it overpredicts the resonant wave height in the gap near the resonant frequency and consequently leads to over-estimation of the wave forces on the floating bodies. Different methods have been introduced in order to achieve more realistic predictions of the water elevation inside the gap. For example, Buchner et al. [6] and Newman [7] added lids on the gap free surface;
Chen [8] introduced a linear dissipative term in the free surface boundary condition of the potential flow model. In addition, Molin et al. [9] added a massless lid on the free surface, which was assigned a damping force quadratic with respect to the vertical velocity. The method of Chen [8] has been used by Pauw et al. [10] , Bunnik et al. [11] and Lu et al. [12] .
Satisfactory results have been obtained using the proposed methods that lead to a more accurate estimation of the resonant wave height in the gap. However, the level of damping in these studies must be tuned using pervious data such as model test results. In addition to modifying the surface boundary condition, Chen et al. [13] utilised a quadratic pressure loss boundary condition in the suitable position inside the fluid domain in order to introduce the energy dissipation. The effect is similar to placing a physical perforated plate in the fluid domain.
Computational fluid dynamics (CFD) has also been used to investigate the fluid resonance in the narrow gap. Reported results (e.g. Lu et al. [14] , [15] , [16] , [12] ; Sauder et al. [17] , Moradi et al. [18] ) have shown satisfactory agreement with those obtained from experiments, indicating that the viscous fluid model performs well in predicting the violent free surface oscillation at the fluid resonance. The effects of different parameters, such as body draft, gap width and body breadth on resonant characteristics in side-by-side offloading operations were also studied by Saitoh e al. [19] , Sun et al. [5] , Lu et al. [12] and Liu and Li [20] .
Furthermore, Kristiansen and Faltinsen [21] studied the resonant water motion between a ship and a terminal in shallow water. Comparison of their numerical simulation results with that obtained from the model tests showed that the terminal gap kinematics is over predicted by the nonlinear and especially the linear potential theories around the resonance frequency.
While the behaviour of the linear theory was expected, that of the nonlinear theory was not a priori known.
Moradi et al. [18] showed that a curved corner setup at the gap entrance resulted in an increase in the resonance wave height and a decrease in the resonant frequency for different corner roundness ratios. The present study will examine the effect of water depth on gap resonance characteristics for bodies with sharp corner inlet and compare the results with those reported previously using both experimental and numerical methods. The detailed effect of the corner shapes and gap inlet configurations on the flow near the corners and inside the small gap, as well as the gap resonance characteristics can be found in [18] .
It is noted that, to the authors' knowledge, none of the previous studies have considered the influence of water depth regimes on the resonance characteristics. Most of them have mainly reported findings in the transitional water depths. It is anticipated that in the interest of evaluating the response of multiple bodies in close proximity more accurately, additional aspects such as varying water depth, which have not yet been explicitly investigated, need to be considered. In this context, the primary aim of the present work is to explore the effect of the offloading operation water depth on the variation of the characteristics of the gap resonance using computational fluid dynamics method. The numerical model used in this study is built on the OpenFOAM platform and implemented on a massive parallel computing facility hosted by the Pawsey supercomputing centre in Western Australia. This paper is organised as follows. After a brief introduction in Section 1, the background of the numerical model, the numerical setup and the wave parameters used in the simulations are described in Section 2. Simulation results of the dependency of the gap resonant wave height and frequency on water depth, body draft and gap width as well as variation of forces acting on the bodies in the different water depths are shown in Section 3. Comparisons between results of present numerical simulation and the potential flow model for different water depths are also conducted in this part. Finally, the conclusions are drawn in Section 4.
NUMERICAL WAVE FLUME

Numerical model setup and boundary conditions
In the present study the numerical wave tank is 18.5 m (length) × 0.1 m (width), and the height is changing between 1.0 m to 5.0 m based on the desired water depth for different simulations. Figure 1(a) shows the simulation domain and the definition of the co-ordinate system which is defined in such a way that the origin is located at the seabed and x is in the wave propagation direction and y is in the upward direction. The thickness of the domain in z-direction corresponds to one cell. Two rectangular bodies with sharp corners are used to represent the ships which are located at the middle of the simulation domain. The regular incident wave propagates with an incident angle of 90 relative to the ship length. Two rectangular relaxation zones of 5 m long each are implemented at the inlet and outlet boundaries of the simulation domain to avoid reflection of waves from the outlet boundary.
The absence of a method to suppress the internal wave reflections in the computational domain can lead to contaminated results and create discontinuities in the surface elevation at the wave making boundary. It should be noted that the length of the relaxation zones are kept constant for different wave frequencies covered in this study. Utilizing the current relaxation technique, Jacobsen et al. [22] showed that for relaxation zones equal or larger than the wave length, the reflection effect is minimum. Similarly, our simulations show that the outlet boundary is qualitatively non-reflective (results are not given here). Further details of the relaxation technique used in this study can be found in [22] . The ship beam (breadth), draft, gap width and water depth are defined by B, d, and h, respectively, as illustrated in Figure   1 (b). The ship beam, which is 0.5 m in all simulations, is the same for both bodies, and the corresponding values for the other three parameters are changing in accordance with the simulation requirements. These values are tabulated in Tables 1 and 2 [18] .
At the bottom of the wave tank and the solid walls of the bodies, no slip boundary condition is applied. Zero-gradient is applied for outflow (as defined by the flux) and for inflow the velocity is obtained from the patch-face normal component of the internal-cell value. In order to represent the atmospheric condition for the upper boundary of the wave tank, the velocity is set to the "pressureInletOutletVelocity", a complex boundary condition defined in OpenFOAM, which prescribes Neuman or Dirichlet types of boundary conditions on the pressure and velocity depending on the direction of the velocity vector. The pressure condition for the inlet boundary is set to zero gradient and the velocity is defined as the incoming wave velocity. The numerical domain used in this study is meshed utilising
OpenFOAM mesh generation capabilities. First a structured background mesh is generated using the "blockMesh" utility in such a way that the cell size decreases from both the inlet and the outlet boundaries towards the centre of the simulation domain. The same approach is applied in the vertical direction. The next step is to generate the boundaries of the two floating bodies by subtracting the desired volumes from the background mesh using the "subsetMesh" utility. The outcome will be a rectangular simulation domain with higher mesh density around the bodies (as shown in Figure 2 ). In case of deep and ultra-deep water simulations the mesh density inside the domain is kept constant by multiplying the number of cells in the vertical direction by the depth ratio which is defined as the new depth over initial depth of 0.5 m. It should be noted that extensive checks for the dependency of the simulation results on mesh density have already been conducted for water depth h = 0.5 m in [18] and the corresponding higher water depths in this paper are modelled based on their work.
Simulations start from still water state and run for about 50 seconds to ensure the steady state condition is reached. In order to generate different types of waves, a separate file containing different wave properties should be located in the "constant" directory of the simulation folder. For the case of linear wave generation, water depth, wave height and period will be required to calculate the other parameters such as wave number and frequency.
In order to check the proper functionality of the wave generating boundary, Figure 3 shows the time series of wave elevation for the shortest and longest waves at x = 6 m, i.e. 1 m downstream of the inlet relaxation zone. The results illustrate regular variation of the water elevation for the 50 seconds of simulations, which corresponds to 62.5 and 24.2 periods in the two studied cases, indicating satisfactory performance of the inlet boundary in generating regular waves.
Formulation and solution of the problem
The problem is analysed with a Navier-Stokes equations solver based on the OpenFOAM libraries version 2.1.x. The two-phase solver "waveFoam" is used for this study, which allows for simulations of wave-structure interactions in OpenFOAM based on the finite volume method (FVM) by assuming incompressibility and immiscibility of air and water.
WaveFoam incorporates the wave generation and absorption mechanisms with the existing OpenFOAM two phase flow solver "interFoam". Detailed explanation on how the solver is developed and how the wave generation and absorption methods are implemented in the code can be found in Jacobsen et al. [22] . The interface between the two phases is captured by a volume of fluid (VOF) approach, for instance, as presented in Hirt and Nichols [24] . The governing equations of motion of an incompressible fluid are 
where n is the boundary unit normal vector. The boundary conditions for the wet faces are given analytically according to the chosen potential wave theory (Linear wave theory in this case), which is evaluated at the face centres. For the boundary faces intersected by the free surface, a local linear approximation of the real surface,  * , is defined based on two intersection points. It forms a closed and wet polygon together with the wet sides of the boundary face. The corresponding wet area, and wet centre , can be computed using simple geometrical methods. On the basis of the sub-division of the boundary face, at the boundary is specified as A W /A F , where is the area of the boundary face. u and ∇ are evaluated from the potential flow theory at and applied to the boundary face. This approach, which was first introduced by Jacobson et al. [22] as a part of their wave generation toolbox, is favoured to the typical method, where the face is either wet or dry based solely on the location of the face centre relative to the free surface, as the latter approach resulted in unrealistic oscillations on the water surface. By applying the new approach, the fake fluctuations are avoided due to the smoothness introduced at the interface.
The distribution of is modeled by an advection equation
The last term on the left hand side of Eq. (4) is a compression term, which limits the smearing of the interface, and is the relative velocity of the phases. The method is developed by
OpenCFD® and documented in [25] .
Using one can express the spatial variation of any fluid property ∅ through the weighting as shown in Eq. (5),
The exponential relaxation function as shown in Eq. (6) is the preferred relaxation technique used in this study
This is applied inside the relaxation zone in the following way
where represents either velocity (u) or volume of fraction of water/air ( ). is always equal to 1 at the interface between non-relaxed part of the computational domain and the relaxation zone.
RESULTS AND DISCUSSION
Dependency of resonant characteristics on water depth
So far, most of the existing numerical simulations and experiments are conducted for single The increase in the resonant frequency predicted by both the viscous and inviscid models is anticipated and can be explained by Eq. (8) which was theoretically derived by Saitoh et al. [19] for calculation of the resonant wave frequency in a rectangular wave tank between twin rectangular bodies.
According to Eq. (8), the resonant frequency is directly related to the water depth, i.e.
increasing water depth (h) will increase the resonant frequency. The same trend is apparent in Fig. 4 . However, when the water depth is more than half of the wave length (h/L > 0.5), i.e. in the deep water regime, the effect of water depth on resonance frequency is much less than that in shallow and transitional regimes and can be neglected. This is also consistent with the theoretical fluid resonance appearance condition in the gap as shown in Eq. (9) derived by Saitoh et al. [19] . In their study they have concluded that in case of deep water, Eq. (9) can be rewritten as Eq. (10).
where = ℎ− + , is the geometrical condition. Furthermore, Kristiansen and Faltinsen [21] have reported reduction in the resonance wave height with the increase of water depth based increasing the water depth will increase the wave group velocity, i.e. the speed at which the wave spectrum energy is transferred. However as the potential flow theory does not consider any energy dissipation due to flow separation and viscous effects, higher wave group velocities will result in higher amount of energy being transferred into the gap region and generate higher water elevations. While for real fluid, it is anticipated that the increase in the flow velocity will increase the amount of energy dissipation due to viscous dissipative effects as well as flow separation and generation of flow recirculation regions near the sharp corners of the bodies. Furthermore, it is also believed that the decrease of the resonance wave height in the gap by the increase in water depth lies in the fact that, although the amount of water trapped inside the gap is unchanged in different water depths, there would be significant change in the area under the floating bodies and so the fluid bulk. This means that the inertial mass will increase and the greater mass will result in a greater tendency to resist the velocity change with the same amount of depth independent external force. It has been checked that increasing water depth will lead to reduction of the fluid velocity entering the gap. The velocity variations at the water surface in the middle of the narrow gap for the frequency corresponding to the resonance frequency of the three different investigated water depths (same frequencies as shown in Figure 4 ) are shown in Figure 6 . As expected, it is noticeable that the highest velocity magnitude occurs at the lowest water depth studied here (i.e. h = 0.5 m) and it decreases with the increase in water depth. This leads to the subsequent reduction of the resonant wave height inside the gap, which is consistent with the results shown by Lu et al. [16] . Generally for deep waters, two factors contribute to the level of gap wave height.
One is the increased level of inertia due to increased fluid bulk under the bodies and the other is the reduction of flow velocity. Although the reduced velocity should technically reduce the viscous dissipation and increase the wave height, the inertial force seems to be the dominant factor in this case. In addition, for viscous flows, the present results agree well with that obtained by Lu et al. [15] , which showed that the non-dimensional wave height is analogues to the non-dimensional incident vertical velocity component. It should be noted that the resonant wave height and frequency are deemed not only to be dependent on water depth, but also on body draft and the ratio of water depth to body draft. This is presented in detail in the next section where discussion is focused on how resonant characteristics are affected by water depth and body draft couplings.
Influence of the water depth and body draft couplings on resonant characteristics
In order to examine the effect of water depth on gap resonance at different body drafts, simulations are conducted at three different body drafts and five different water depths which totally blend 15 different cases as listed in Table 1 . For all of these simulations with varying drafts and water depths, the gap width is constant value of 0.05 m. The effect of body drafts at various water depths are then investigated by comparing the results for fixed draft values in different water depths as well as different drafts in a fixed water depth. This gives a good insight on all the possible coupling scenarios when these two parameters are studied together. Figure 11 illustrates the variation of the non-dimensional wave height as a function of wave frequency at different drafts. The water depth is the same for all simulations and is equal to 1 m, which corresponds to the deep water regime. The results show that increasing d/h or just the draft in case of a fixed water depth will result in the reduction of the resonant frequency, which is already explained theoretically in [20] . However, at the same time the resonant wave height inside the gap increases sharply in such a way that the resonant wave height for /ℎ = 0.45 is almost twice as that for /ℎ = 0.125 . When the draft to depth ratio increases, the bottom clearance becomes smaller and the fluid under the bodies will flow into a region similar to a channel. It is speculated that the higher wave heights at higher draft to depth ratios are associated to the reduction in the area under the bodies and the subsequent increase in the fluid velocity for the same wave condition. This phenomenon may also be explained by the fact that the same amount of external force is acting on less amount of fluid bulk mass underneath the bodies as justified earlier for the water depth dependency. Further examination of Figure 11 brings about the question whether two bodies with the same /ℎ ratio but different body draft at two different water depths would display similar performance. In order to answer this question, two different cases with different drafts and water depths are compared to each other, with first case having body draft and water depth values as = 0.125 and ℎ = 1 m respectively and the second case with both of these values doubled, i.e. keeping the / ℎ ratio constant at 0.125. As shown in Figure 12 , despite having the same draft to depth ratio, there are significant differences in both resonant wave height and frequency between the two cases. When water depth h increases, the nondimensional resonant frequency reduces from 1.6 to 1.2, whereas the non-dimensional resonant wave height increases from 2.2 to around 3.3. Figure 12 suggests that each of these two individual parameters (h & d) is important when studying resonant characteristics of fluid trapped in the narrow gap. In addition, two other cases with the same draft but two different water depths are compared to each other and shown in Figure 13 . It is observed that despite having different water depths, the resonant wave height and frequency coincide very well between the two cases. It needs to be noted that although water depth was previously demonstrated to be an important factor for resonant behavior, its effect is mainly noticeable when a change of water depth regime occurs, similar to what is shown in Figure 4 . as listed in Table 1 . It is observed that regardless of the draft value, the trends are generally the same, i.e. the resonant frequency increases and the wave height decreases with the increase of water depth. However, comparing the results obtained at different body drafts (Figures 14a-c) , it can be seen that not only the amount of reduction of the resonance wave height inside the gap, but also the location of the peak (or resonant) frequency depends on both the water depth and body draft. As mentioned earlier, for any given body draft, the increase in water depth leads to an increase in resonant frequency and a reduction in resonant wave height. However, when the body draft increases, the reduction of the resonant wave height in deeper water becomes more significant. The detailed illustrations on the evolution of wave height as a function of the incident wave frequency for each of the five studied water depths covering all of the three different drafts are given in Figure 15 (a-e). It can be seen that regardless of the water depth, the resonant frequencies appear to be very close to each other for a given draft whereas the nondimensional wave height in the gap increases linearly as a function of body draft irrespective of the depth regime. It is also notable that the peaks for the maximum non-dimensional wave height for different drafts fall in the same positions relative to each other in different water depths.
Variations of the resonant frequency as a function of water depth normalized by the body draft for three different body drafts are shown in Figure 16 . It is observed that for any given draft the resonant frequency increases till it reaches a plateau for water depths equal or greater than six times the body draft where the resonant frequency is no longer influenced by the water depth. Having known that the resonant frequency has an inverse relationship with the body draft, Figure 16 shows that the major difference between the trends for the evolution of the resonance frequency as a function of water depth for different body drafts is the rate at which the depth independency is achieved. While for d=0.15 m the resonant frequency rises sharply till it reaches a constant value, for d=0.35 m the increment slope is much smaller. The sole effect of body draft on wave height has been extensively studied before in [12, 18, and 19] and the results showed that the tendency for the wave height to increase with the draft is mainly related to the wave conditions under resonance (wave frequency and length).
As shown earlier, the resonant frequency is lower for higher drafts due to the expansion of the water volume and the increase of the mass inside the gap. Lower resonant frequency means longer waves and less reflection by the bodies, which leads to less energy dissipation and higher wave amplitudes. However, the reason that the amount of this increase in wave height is less in deeper waters than that in transitional waters is mainly due to the higher mass of fluid underneath the floating bodies, which reduces the slope of the wave height escalation.
Influence of the water depth and gap width couplings on resonant characteristics
In order to examine the coupled effect of gap width and water depth on resonant at five different water depths are shown in Figure 19 (a-e). The body draft value for all these simulations is constant and equal to 0.25 m. It can be seen that the overall trend for the variation of the resonant frequency for different gap width is the same, i.e. it decreases with the increase of gap width regardless of the water depth. This is consistent with the predictions based on Eq. (8). This result is also consistent with the result obtained by Moradi et al. [18] , where it was shown that the resonant frequency is inversely proportional to B g whereas the wave height in the gap depends apparently on B g , with critical gap width being dependent on the setup (body draft and other geometric parameters such as the ratio of gap width to body breadth). They also showed that the wave height inside the gap directly relates to the vertical velocity of water in the gap. Initially, the flow velocity entering the gap increases with the increase of the gap width. However, as the gap width exceeds a critical value, the frictional resistance dominates the fluid motion, resulting in a reduction of flow velocity and subsequent wave height [12] .
For convenience in examining the variation of the resonance frequency with gap width, Figure 20 re-plots the resonance frequency as a function of gap width for five different water depths covered in this study. It can be seen that although the resonant frequency generally decreases with the increase of gap width, the reduction rate is much more significant in the transitional depth regime (h = 0.5 m, 0.75 m) than that in the deep water regime (h = 1m,
1.5m and 2m).
In addition, it can be observed that the dependence of the resonant frequency on gap width in deep water regime overlap each other, emphasizing the non-sensitivity of the resonant frequency to water depth in deep waters as earlier seen in Figure 4 . Similarly, for convenience to examine the variation of the resonance wave height with gap width, Figure 21 re-plots the maximum resonant wave heights as a function of gap width for five different water depths. The common behaviour of H g /H 0 among different water depths is found when / < 0.15, where the wave height increases with the increase of the gap width. It is also evident that for a given gap ratio B g /B, H g /H 0 decreases with the increase of water depth.
When the gap ratio is large enough, say 0.2, in deep water, H g /H 0 does not depend on water depth anymore. This is not the case for the transitional water depths.  The present study shows that water depth has a significant influence on resonance behaviour of water trapped in the gap between twin bodies in side-by-side arrangement. For a given body draft and gap width, the resonant wave frequency increases while the wave height decreases with the increase of water depth. The former is due to the direct relation between water depth and resonance frequency which is consistent with the theoretical prediction, whereas the latter is due to the increase of the fluid bulk underneath the floating bodies and subsequent flow velocity reduction.
 It appears that the potential flow model not only over-predict the resonant wave height, but also give an incorrect variation trend of the resonant wave height with water depth.
 When the gap width and body draft are allowed to change, the effect of water depth on gap resonance characteristics will also vary depending on the former two parameters. Considering the influence of water depth and body draft on resonant wave height as coupled parameters, the latter plays a much more important role in defining the magnitude of the non-dimensional wave height inside the gap.
 When the water depth is more than half the wave length (i.e. in deep water regime), the effect of water depth on resonant characteristics is too small and can be neglected.
While the resonant frequency decreases with the increase of gap width, the amount of this reduction is much more significant in the transitional water regime than that in deep water regime.
 The present study suggests that when evaluating the gap resonance in different draft and gap width, the effect of water depth should be taken into account. The resulting simulations show that the ratio of water depth to body draft is also a governing parameter such that for water depths equal or greater than six times the body draft, the resonant frequency will no longer be influenced by the water depth. Also it is found that the non-dimensional wave heights do not depend on water depth when the latter is more than 10 times the body draft. 
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